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SILICON GERMANIUM HETEROJUNCTION BIPOLAR 
TRANSISTOR WITH CARBON INCORPORATION 



[h4] Background of the Invention 

[p1 ] The present invention generally relates to silicon germanium (SiGe) technology, and 

more particularly to a silicon germanium carbon heterojunction bipolar transistor (SiGeC 
HBT) for use in various electronic devices. 

[p2] Description of the Related Art 

[p3] Silicon Germanium (SiGe) technology has become mainstream in today's RF (radio 

frequency) applications, high speed wired data transmission, test equipment, and wireless 
applications. However, two limitations exist in conventional SiGe HBT devices. 

[p4] First, the silicon germanium alloy film must remain below a critical thickness. The 
relationship for the critical thickness follows different physical models, such as the 
People and Bean, and Stiffler models. These theoretical models demonstrate the 
relationship of the allowed critical thickness of the silicon germanium film as a function 
of the germanium concentration. These models indicate that, as the germanium increases 
(from 0% to 100%), the critical thickness of the film decreases. The critical thickness of 
a film is the thickness where misfit dislocations are initiated. The transition of a 
materially stable film to an unstable film is the point where the misfit dislocations are 
formed. 



Because germanium falls below silicon in column four of the Periodic Table, it has a 
larger lattice constant than silicon. Thus, free-standing silicon germanium will have a 
larger lattice constant compared to the silicon lattice. One may fit this larger lattice 
constant silicon germanium material on the smaller silicon substrate by accommodating 
the difference in the lattice constant through the introduction of misfit dislocations. This 
silicon germanium film is called the relaxed layer. Additionally, one may grow a layer of 
silicon germanium on silicon by compressing the horizontal lattice constant of the silicon 
germanium film to fit on the substrate silicon lattice sites without the introduction of 
misfit dislocations. This compression of the horizontal silicon germanium lattice 
constant leads to an increase in the vertical lattice constant. This silicon germanium film 
is called a "strained" or pseudomorphic silicon germanium film. Increasing the 
germanium concentration increases the strain in the layer, hence limiting the allowed 
thickness of the film. Therefore, a solution is required to allow for a means to relieve the 
strain in order to increase either the germanium concentration or the film thickness. 

Thus, there remains a need for a SiGe HBT device which overcomes the limitations of the 
conventional devices, such as the critical thickness requirement of silicon germanium 
film, and the outdiffusion of the base dopants which limits base width scaling. 



Brief Summary of the Invention 

In view of the foregoing and other problems, disadvantages, and drawbacks of the 
conventional silicon germanium heteroj unction bipolar transistor devices, the present 
invention has been devised, and it is an object of the present invention to provide a 
structure for a silicon germanium heterojunction bipolar transistor device having 
substitutional carbon dopants in the silicon germanium alloy film. It is another object of 
the present invention to provide a device which allows for electrostatic discharge 



protection. Still another object of the present invention is to provide a device which 
utilizes a tighter statistical distribution of the electrostatic discharge failure voltage. Yet 
another object of the present invention is to provide a device which uses carbon to 
provide a larger margin of thickness to allow for a higher thermal strain prior to 
dislocation formation. It is still another object of the present invention to provide a 
heteroj unction bipolar transistor device which relieves the strain in a silicon germanium 
alloy film of the heteroj unction bipolar transistor device which increases either the 
germanium concentration or the film thickness. Another object of the present invention is 
to provide a heterojunction bipolar transistor device, which provides a tighter distribution 
of sheet resistance, base widths, and breakdown voltages. Still another object of the 
present invention is to provide a heterojunction bipolar transistor device which controls 
the outdiffusion of boron. Yet another object of the present invention is to provide a 
device which achieves a higher unity current gain cutoff frequency (fT) and unity power 
gain cutoff frequency (f^^Ax)* 

In order to attain the objects suggested above, there is provided, according to one aspect 
of the invention, a SiGe HBT device with carbon incorporation. Specifically, by adding 
small amounts of substitutional carbon dopant to a Si^Gex layer, the critical thickness 
requirement is relaxed for the People and Bean, and Stiffler models, previously described. 
Because a carbon atom is smaller than a silicon atom, the stress introduced by the 
germanium atom can be relieved by a smaller atom. Hence, carbon compensates for the 
strain introduced in the film by germanium. Thus, using a device which introduces a 
lower initial strain condition allows for a higher thermal strain prior to the initiation of 
misfit dislocations. Adding carbon to the base region of a silicon germanium epitaxial 
film allows for a more thermal robustness during an electrostatic discharge event. This is 
true for bipolar transistors and associated elements that can be constructed, such as 
varactor structures, pin diodes, and other passive elements formed in this film. 

Moreover, carbon provides suppression of the transient enhanced diffusion of boron base 
dopant outdiffusion in SiGe HBT devices. The importance of this effect allows 



extensions of SiGe HBT devices to achieve a higher unity current gain cutoff frequency 
(f T ) and unity power gain cutoff frequency (f^. Electrostatic discharge sensitivities and 
electrostatic discharge implications of the silicon germanium carbon (SiGeC) 
heteroj unction bipolar transistor, or carbon incorporation into the base of a silicon 
germanium film, will lead to a tighter base width control, and, hence a tighter breakdown 
distribution. 

[p1 0] During an electrostatic discharge (ESD) event, significant increases occur inside the SiGe 
HBT device's silicon germanium film. As the temperature of the film increases, an 
additional thermal strain can be initiated. The increase in thermal strain is an additive to 
the pre-existing strain in the film. Moreover, thermal strain is proportional to 
temperature. Hence, it would be an advantage to provide a means to reduce the total 
strain in the film during an electrostatic discharge event by reducing the initial strain in 
the pseudomorphic silicon germanium film so that misfit dislocations are not generated 
during an electrostatic discharge event. 

[p1 1] Also, base dopants outdififuse, which limits the base width scaling. One advantage of a 
heterojunction bipolar transistor is the ability to have a much higher base doping 
concentration compared to homojunction transistors. One of the major constraints related 
to conventional SiGe HBT devices is the boron outdififusion in the base region. With the 
high doping concentration, the base doping concentration can exceed the emitter doping 
concentration by an order of magnitude, and can exceed the collector doping 
concentration by 2 to 3 orders of magnitude. As a result, when boron outdififusion occurs, 
the base dopants compensate the emitter and collector regions leading to larger base 
widths. As the base width increases, the transit time across the base increases, leading to 
slower transistors. Hence, there is a limit to how much dopant can be achieved within the 
base region because the low sheet resistance can be compromised by the larger base 
widths. Boron diffusion is increased in silicon because of transient enhanced diffusion 
(TED) effects due to the excess of interstitials created by implantations. Boron transient 
enhanced diffusion plays a role in the outdififusion of the Boron dopants during hot 



processing. Because the population of excess interstitials can vary statistically, this can 
lead to a wider distribution and poorer control of the outdiffusion. Combining this effect 
with hot process variations (e.g., temperature control during hot processing), the base 
resistance and the base width can vary in a SiGe HBT device with a heavily doped boron 
base region. 

[p1 2] The variations in base width leads to statistical variations in the unity current gain (f T ) and 
unity power gain (f,^). The variations in the distribution can lead to worst case radio 
frequency parameters as well as a lower breakdown voltage. When an electrostatic 
discharge event occurs, if the distribution of the breakdown voltages translates to a lower 
second breakdown or thermal runaway, this leads to a degradation in the electrostatic 
discharge robustness of the transistor element. Hence, it would be valuable to be able to 
provide a means of providing a tighter distribution of sheet resistance, base widths, and 
breakdown voltages by controlling the outdiffusion of boron. 

[p1 3] Therefore, a novel silicon germanium heteroj unction bipolar transistor device is disclosed 
that comprises a semiconductor region, and a diffusion region in the semiconductor 
region, wherein the diffusion region is boron-doped. The semiconductor region 
comprises a dopant therein to minimize boron diffusion. A combination of the amount of 
the dopant, the amount of the boron, and the size of the semiconductor region is such that 
the diffusion region has a sheet resistance of less than approximately 4 Kohms/cm 2 . The 
dopant comprises carbon. Also, the diffusion region is boron-doped at a concentration of 
1 x 10 20 /cm 3 - 1 x 10 21 /cm 3 . Preferably, the semiconductor region comprises 5-25 % 
germanium and 0-3 % carbon. The device further comprises a collector structure 
connected to a base region, wherein the base region comprises the diffusion region. 

[p14] Alternatively, a device is disclosed that comprises a semiconductor substrate and a 
plurality of bipolar transistors on the semiconductor substrate. Each of the bipolar 
transistors comprises a base region having a base resistance. One of the bipolar 
transistors has a base resistance below approximately 4 Kohms/cm 2 . 



[p1 5] Still alternatively, a transistor structure is disclosed that comprises a substrate, a collector 
region in the substrate, an epitaxial base region on the collector structure containing a Si^ 
x . y Ge x C y compound, an emitter region on the epitaxial base region, and a boron-doped 
base implant diffusion region, wherein the base dopant implant diffusion is suppressed by 
the C y concentration. In the above chemical formulas, subscripts x and y are indicated as 
percentages. 

[p1 6] Moreover, by adding carbon to the semiconductor region, the device achieves an 

electrostatic discharge robustness, which further causes a tighter distribution of a power- 
to-failure of the device, and increases a critical thickness and reduces the thermal strain of 
the semiconductor region. 



[h6] Brief Description of the Several Views of the Drawings 

[p1 7] The foregoing and other objects, aspects and advantages will be better understood from 
the following detailed description of a preferred embodiment of the invention with 
reference to the drawings, in which: 

[p1 8] Figure 1 is a schematic diagram of a silicon germanium heterojunction bipolar transistor 
device according to the present invention; 

[p1 9] Figure 2 is a schematic diagram of the relative doping concentrations of the boron, 
germanium, and carbon dopants in the silicon germanium heterojunction bipolar 
transistor device according to the present invention; 

[p20] Figure 3 is a graphical representation of the transmission line pulse Current- Voltage 
characteristics; 



[p21 ] Figure 4 is a graphical representation showing a comparison of a carbon doped versus a 
non-carbon doped transistor device; 

[p22] Figure 5 is a graphical representation showing a comparison of a carbon doped versus a 
non-carbon doped transistor device; 

[p23] Figure 6 is a graphical representation showing a comparison of a carbon doped versus a 
non-carbon doped transistor device; 

[p24] Figure 7 is a schematic diagram of an electrostatic discharge power clamp circuit; 

[p25] Figure 8 is a schematic diagram showing a comparison of two SiGeC electrostatic 
discharge power clamp devices; 

[p26] Figure 9 is a flow diagram illustrating a preferred method of the present invention; 

[p27] Figure 1 0 is a schematic diagram of a partially completed bipolar transistor according to 
the invention; 

[p28] Figure 1 1 is a schematic diagram of a partially completed bipolar transistor according to 
the invention; 

[p29] Figure 12 is a schematic diagram of a partially completed bipolar transistor according to 
the invention; 

[p30] Figure 13 is a schematic diagram of a partially completed bipolar transistor according to 
the invention; 

[p31 ] Figure 14 is a schematic diagram of a partially completed bipolar transistor according to 
the invention; and 



Figure 1 5 is a schematic diagram of a partially completed bipolar transistor according to 
the invention. 



[hi] Detailed Description of the Invention 

[p33] As mentioned, silicon germanium technology has become a mainstream technology in 

today's radio frequency applications, high speed wired data transmission, test equipment, 
and wireless applications. However, the prior art silicon germanium heteroj unction 

■ 

bipolar transistor devices suffer from two important limitations. First, the silicon 
germanium alloy film must remain below a critical thickness. Second, base dopants 
outdiffiise, which limits the base width scaling. 

[p34] More specifically, germanium is introduced into the silicon layer to control the bandgap 
of the heteroj unction bipolar transistor. Inclusion of germanium into the silicon 
introduces undesirable strain. At sufficient thicknesses, this strain can result in cracking 
(dislocations). Occurrences of such dislocations increase during thermal cycling. 
Therefore, the thickness of the silicon germanium layer is limited in conventional 
structures. As explained in greater detail below, by introducing carbon into the silicon 
germanium layer, the strain is reduced, thereby decreasing the occurrence of dislocations 
and allowing a thicker silicon germanium layer to be utilized. 

[p35] In addition, as also explained in greater detail below, the carbon influences the boron in 
the base of the transistor. An important advantage of including carbon within the 
semiconductor is that the dopant diffusion can be increased dramatically to substantially 
lower sheet resistance. The carbon limits the diffusion movement of the boron, thereby 
physically limiting the size of the base. With a more tightly controlled boron process, the 
ability of the structure to be scaled to smaller sizes is increased. In addition, with less 
boron outdiffusion, a more consistent transistor is produced. Further, the tighter physical 



distribution of the boron impurity increases speed and breakdown voltages (which 
decreases electrostatic discharge (ESD) effects). 

[p36] The invention solves the conventional problems by adding small amounts of 

substitutional carbon dopant to a Si,. x Ge x layer, or a ternary alloy Sii_ x . y Ge x C y to relax the 
alloy thickness requirement (e.g., allow the semiconductor alloy layer to be thicker). 
Moreover, carbon suppresses the transient enhanced diffusion of the boron base dopant in 
SiGe HBT devices. Reducing outdiffiision allows for the extension of SiGe HBT devices 
to attain a higher unity current gain cutoff frequency (f T ) and unity power gain cutoff 
frequency (f^. 

[p37] Referring now to the drawings, and more particularly to Figures 1-15, there are shown 
preferred embodiments of the method and structures according to the present invention. 
Specifically, Figure 1 shows a cross-sectional view of a SiGeC HBT structure 1 according 
to the present invention. The transistor device 1 has a base region 16, an emitter region 
17, and a collector 15. 

[p38] The base region 16 includes a base contact 3 disposed on a silicide film 4, which is made 
of any refractory metal such as titanium and cobalt. The silicide film 4 is formed within 
the upper surface of a conductive amorphous polysilicon germanium carbon film 
(semiconductor film region) 6, which lies over a shallow trench isolation (STI) region 7. 
Adjacent the shallow trench isolation region 7 is a P+ dopant implant 9. Between the 
collector 15 and the emitter 12, 13 lies the base 5 which comprises a single crystal silicon 
germanium carbon semiconductor. 

[p39] The carbon in the semiconductor region 5 minimizes diffusion from the boron doped 

region 8 (see Figure 12). Together, the contact 3, silicide film 4, SiGeC film 6, and boron 
doped region 8 form the extrinsic base structure 16. Preferably, the use of the carbon 
dopant allows dramatic increases in the amount of boron such that the base 5 has a sheet 
resistance of less than approximately 4 Kohms/cm 2 . 



[p40] More specifically, the invention uses a doping concentration (e.g., boron) of 

approximately 1 x 10 10 cm 3 , while conventional structures/processes are limited to 
approximately 1 x 10 6 cm 3 . This produces peak concentrations of 1 x 10 21 cm 3 of the 
dopant. This allows the base 5 to have a substantially reduced sheet resistance (4 
Kohm/cm 2 ) when compared to the sheet resistance (10 Kohm/cm 2 ) of conventional base 
structures. These higher concentrations of dopant do not detrimentally affect the 
inventive structure because the carbon included within the base layer 5 prevents 
substantial dopant outdiffusion. 

[p41] The emitter region 17 is formed over the semiconductor 5. Insulator layers 10, 1 1 isolate 
the base region 16 from the emitter region 17, which prevents the emitter region 17 from 
shorting to the base region 16. Insulator layer 10 is preferably silicon dioxide, while 
insulator 1 1 is preferably silicon nitride. The emitter region 17 preferably includes a 
conductive polysilicon film 12, which is N+ doped. After the emitter region 12 is heat 
cycled, an N+ doped diffusion 13 is created in the SiGeC film 5. Additionally, an emitter 
contact 14 is disposed on the polysilicon film 12. 

[p42] The device 1 operates by forming an electrical connection (increasing conductivity of the 
semiconductor 5) between the collector 15 and the contact 14 of the emitter 17 (through 
polysilicon 12 and diffusion 13) when a base current is injected into the base 5 (through 
contact 3, silicide 4, and polysilicon 6). The device 1 operates as does a conventional 
heterojunction bipolar transistor device; however, the invention yields a device having a 
much greater performance. 

[p43] More specifically, an increase in performance is seen by including carbon in the single 
crystal silicon germanium layer 5, which allows the size of the boron diffusion within the 
semiconductor layer 5 to be much more strictly controlled. The carbon bonds with the 
boron, thereby limiting its diffusion movement and maintaining a much tighter 
distribution of the boron atoms within a smaller area of the semiconductor layer 5. This 



increases operating speed, breakdown voltages, permits greater scaling (size reduction), 
and allows increased dopant concentrations, which reduces sheet resistance. 

[p44] In addition, carbon is a smaller atom than germanium and bonds with the silicon to 

reduce the strain within the entire silicon germanium layer 5, 6. Therefore, the invention 
avoids misfit dislocations (cracks), which are caused by excessive strain. Because of the 
strain reduction produced by carbon, the probability of strain related cracking 
(dislocations) is substantially reduced in the silicon germanium layer 5, 6. 

[p45] Heterojunction bandgap engineering of a SiGeC device requires proper doping and 

concentration of the boron 21, carbon 22, and germanium 23 populations. The schematic 
of Figure 2 indicates the relative doping concentrations of the boron 2 1 , carbon 22, and 
germanium 23 along the thickness of the epitaxial layer 5, 6. More specifically, the N x 
axis represents relative chemical concentrations. The X axis represents the thickness of 
the epitaxial boron doped epitaxial layer 5, 6 as it passes from the silicide layer 4 (Xq) to 
the wafer 1 5 QQ. Therefore, the concentrations of impurities vary from the top to the 
bottom of the epitaxial layer 5, 6. While the germanium 23 is spread somewhat evenly 
from top to bottom and is shown as increasing/decreasing gradually near the top and 
bottom, the shape of this concentration curve can take on the form of a triangle, rectangle, 
trapezoid, etc. The carbon 22 region should be below the level of the emitter diffusion 
13. Boron 21 is in the central region. As discussed above, the carbon 22 helps to keep 
the boron 21 in a tight physical distribution within the epitaxial layer 5, 6. 

[p46] The present invention provides for electrostatic discharge protection, and produces a 

tighter statistical distribution of the electrostatic discharge failure voltage. Electrostatic 
discharge sensitivities and electrostatic discharge implications of the silicon germanium 
carbon heterojunction bipolar transistor (SiGeC HBT) are discussed below. Transmission 
line pulse (TLP), human body model (HBM) and machine model (MM) test results for 
the present SiGeC HBT devices demonstrate that the inventive silicon germanium with 
carbon incorporation has an improved electrostatic discharge statistical control (tighter 



sigma) compared to the conventional silicon germanium devices. Furthermore, the 
inventive SiGeC HBT device has a comparable mean electrostatic robustness as a SiGe 
HBT device. Moreover, the mean electrostatic discharge voltage-to-failure between the 
SiGe and SiGeC device are not significantly different. These results are important 
because the inventive device with carbon incorporation has as good a performance, or 
even better, than the standard devices without carbon incorporation. Furthermore, the 
inventive SiGeC HBT device achieves better results than conventional SiGe HBT devices 
as shown by the tightness of the statistical distribution resulting from the tests, as shown 
below. That is, by introducing carbon into these devices, the device performance does 
not degrade, which is contrary to what would normally be expected. 

[p47] The distribution of the power-to-failure, current-to-failure, and voltage-to-failure for a 
SiGeC device is significantly tighter than that of conventional SiGe devices. This is 
important for manufacturing high-speed devices where the radio frequency circuitry will 
be in a common-emitter mode for a number of circuit applications and electrostatic 
discharge devices may not be present. Moreover, because there is a distribution of the 

* 

"power" input and a distribution of "power-to-failure" of the device, the total device 
failure is the overlap between these distributions. 

[p48] The ability of carbon to provide improved base resistance control translates to less 

variation in the current-to-failure, voltage-to-failure, and power-to-failure levels. These 
results are consistent with theoretical electrostatic discharge models on the statistical 
variations of bipolar transistors and translates to electrostatic discharge statistical 
variation and control. Additionally, the incorporation of carbon is important for 
electrostatic discharge because it provides low base resistance. This allows higher boron 
concentrations to be used while still maintaining good device and radio frequency 
characteristics. Also, DC and radio frequency characteristics are analyzed pre- and post- 
ESD stress (below), showing the relationship between the percentage DC shift, forward 
voltage, peak f T , current gain p, and ESD magnitude. 



[p49] The present invention improves electrostatic discharge control by the incorporation of 
carbon atoms in the silicon germanium heteroj unction bipolar transistor device 1 . 
Furthermore, the present invention improves the power-to-failure characteristics of a 
semiconductor device by incorporating carbon in the silicon germanium alloy 5, 6. 
Moreover, the present invention improves the margin to the critical thickness and stability 
of a silicon germanium alloy film 5 during thermal transients (and processing) by 
incorporating carbon atoms in the silicon germanium alloy film 5. 

[p50] Process splits are performed with and without carbon in the SiGe HBT device in Figure 3. 
Figure 3 shows some typical common-emitter transmission line pulse Voltage (V) vs. 
Current (I) measurements comparing a 0.44 x 3.2 |im SiGe and SiGeC HBT npn (wherein 
npn is a bipolar transistor, whereby n refers to the emitter, p refers to the base, and n 
refers to the collector). As shown, both the inventive and conventional structures perform 
in a similar manner. This is significant, as it shows that there is no degradation of 
electrostatic discharge performance in a silicon germanium device when carbon is 
incorporated therein. 

[p51 ] Figures 4 and 5 show the comparison of the voltage-to-failure of the present SiGeC and a 
conventional SiGe HBT device. As shown in Figure 4, the data of the voltage-to-failure 
with carbon incorporation has a tighter distribution when compared to conventional non- 
carbon structures. That is, the failure voltage ranges from approximately 10 to 12 volts 
with the inventive structure. Conversely, the data of the voltage-to-failure without carbon 
incorporation has a larger distribution, ranging from approximately 5 to 1 5 volts. Thus, 
conventionally, the data is more uncontrollable and, hence, there is a higher probability of 
device failure with conventional devices. 

[p52] Figure 5 shows a Gaussian distribution of pulse events, which emanate from electrostatic 
discharge events. A higher standard deviation is evident of a higher probability of device 
failure with the non-carbon SiGe HBT devices. When the distribution of pulse events 
exceeds the power-to-failure level, then the device will fail. In this context, a statistical 



distribution having a larger range is usually indicative of a device which will fail. As 
Figure 5 indicates, the non-carbon SiGe HBT device is a weaker structure that is more apt 
to fail when compared to the inventive SiGeC HBT device. 

[p53] Figure 6 shows the typical radio frequency characteristics of devices with and without 
carbon. The SiGeC electrostatic discharge results clearly show a significantly tighter 
electrostatic discharge distribution in all splits performed when compared to SiGe 
electrostatic discharge. Parametric data shows that the base resistance control is superior 
when carbon is incorporated into the base of the SiGe npn HBT device because of 
improved control over the boron transient enhanced diffusion. This is evident from the 
DC electrical distribution of the base pinch resistance monitors. Hence, the SiGeC HBT 
provides improved electrostatic discharge control due to improved base resistance 
distribution. Thus, higher manufacturability is established with tighter electrostatic 
discharge control and lower yield loss with the invention. This is a significant issue as a 
means to provide better electrostatic discharge control in the field. The tighter 
. distribution provides a better ability to prevent field failures as well as providing an 
improved prediction of the reliability of the devices. 

[p54] Additionally, carbon, as a substitutional atom, relieves stress in the silicon germanium 
film. As a result, the critical thickness of the film increases with carbon incorporation. 
Given this important and significant result, when a higher thermal pulse is initiated, the 
amount of thermal strain energy from a pulse of temperature T that a device can 
withstand increases if the critical thickness curve is elevated for a given germanium 
concentration. As a result, carbon serves as a means to provide a more stable device with 
respect to thermal pulses. 



[p55] An advantage of silicon germanium heterojunctions compared to silicon homojunction 
transistors is the ability to provide a high f T with a high base doping concentration. 
Typically, in these heteroj unction transistors, the Rdb (base resistance) is 10 Kohm/cm 2 . 
This provides a high f T but a lower f^ since the base resistance and base-collector 



capacitance lowers the fj 



[p56] One problem with increasing the base doping concentration is that the diffusion of the 
base dopants into the emitter and collector region lowers the performance due to boron 
diffusion into the emitter and collector regions (high capacitance, non-ideal base currents, 
etc). 

[p57] For power amplifier (PA) applications, a high f MAX is more desirable. High fp^ is 

achieved by lowering the base resistance to 1 -4 Kohm/cm 2 instead of 1 0. For a multi- 
finger npn, a lower base resistance allows even better voltage distribution through the 
whole structure and improved linearity, ACPR (Across Channel Power Rejection), and 
peak power-to-failure. For electrostatic discharge elements, likewise, a high base 
resistance provides better current distribution through the base region and a higher unity 
gain power cutoff. As a npn, this is useful for electrostatic discharge power clamp 
applications. For a base-collector varactor, a 1-4 Kohm/cm 2 base is advantageous. 
Moreover, a lower base resistance decreases the series resistance of the diode structure 
and provides a better current distribution. 

i 

[p58] The present invention uses carbon in the epitaxial base region to prevent boron 

outdiffusion in silicon germanium npn transistors and silicon germanium varactor 
structures for power transistors and electrostatic discharge protection structures. 
Suppression of boron outdiffusion in a SiGe HBT device using carbon reduces the 
diffusion of boron under postgrowth implantation and annealing processes. A standard 
measure of outdiffusion is the Shuppen Factor (SF), which measures the collector 
saturation current before and after annealing. As the outdiffusion occurs, the Shuppen 
Factor decreases. Carbon acts as a trap for interstitials thereby, suppressing both the 
transient enhanced diffusion boron diffusion and the interstitial driven clustering of 
boron. 

[p59] In accordance with the present invention, it has been shown that adding carbon to the 



base is an effective method for improving the Shuppen Factor. Also, in accordance with 
the present invention, a new SiGe, SiGeC, Si npn, and varactor is disclosed to achieve the 
objectives of a high W, an acceptable f T , low base resistance (1 Kohm/cm 2 ), and the 
ability to use the technology in electrostatic discharge networks and power amplifiers. 

[p60] This is achieved by increased base doping concentrations well above present base doping 
concentrations and incorporation of carbon in the silicon germanium UHV/CVD (Ultra 
High Vacuum Chemical Vapor Deposition) process step as the silicon germanium is 
formed. The composites could be Si (0.795) Ge (0.2) C (0.005), where there is 79.5 % 
silicon, 20% germanium, and 0.5 % carbon to form the SiGeC compound. Preferably, 
there is a 5-25 % germanium and 0-3 % carbon in the semiconductor region 5. This 
includes peak concentrations of 1 x 10 2 W germanium, 1 x 10 20 /cm 3 carbon, and 1 x 
10 20 /cm 3 to 1 x 10 21 /cm 3 boron. Thus, as seen in Figure 2, the base 5 is boron-doped at 
the above concentrations. 

[p61] Table 1 below shows the radio frequency characterization results from electrostatic 

discharge testing. The result of the electrostatic discharge testing includes an analysis of 
the S-parameter, f T vs. Ic (collector current), and P (current gain) degradation 
function of electrostatic discharge pulses in forward and reverse polarity. 



as a 



[p62] The radio frequency test results show that for positive or negative electrostatic discharge 
pulses, the f T vs. I c characteristic degrades peak f T as well as the f T vs. ^ at lower 
frequencies. This indicates that, just before an electrostatic discharge pulse is applied to a 
SiGeC HBT device, the net starting point of the f T and W will be at a better 
performance level than a conventional SiGe HBT device. In fact, even after an 
electrostatic discharge pulse is applied to the SiGeC HBT device, the relative starting 
point of the f T and f^ will be at a better performance level when compared with a 
conventional SiGe HBT device (without carbon incorporation). Transmission line pulse, 
human body model, and machine model verification of the SiGeC device in practical 
implementations for electrostatic discharge protection is also completed by the 



development of SiGeC power clamps in the next technology generation. 



[p63] Table 1. 
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[p64] Table 1 shows an example of radio frequency parametric degradation as a function of 
HBM electrostatic discharge pulse voltage in reverse stress emitter base degradation 
mode for a 0.44 x 3.2 ^m SiGeC HBT device. Radio frequency testing is completed 
before and after introduction of the electrostatic discharge pulse stress. 

[p65] In Figure 7, an electrostatic discharge power clamp circuit is shown using a high 

performance 120 GHz / 100 GHz (fA^ SiGeC trigger element 70 and a SiGeC clamp 
element 71. With the improved base width control, better statistical control of the trigger 
voltage of this circuit is achieved. 



[p66] Figure 8 shows a comparison of a 0.18 |im technology SiGeC and 0.5 jam technology 

SiGe electrostatic discharge power clamp. The power clamp triggers at the BV CE0 (Break 
Down Voltage from Collector to Emitter (Open Base)) of the 120 GHz / 100 GHz 
transistor, providing a low trigger voltage (e.g., approximately 2 V). The SiGeC 
electrostatic discharge power clamps are more suitable for high performance technologies 
by providing trigger voltages significantly lower than conventional diode-triggered 
electrostatic discharge power clamps. In accordance with the present invention, 
electrostatic discharge robust power clamps, up to 6,000 V HBM levels with a low 
voltage trigger, can be constructed for BiCMOS devices with a 120 GHz SiGeC in 0.1 1 
|im L efr CMOS/BiCMOS technology. With the improved base width control, better 
statistical control of the trigger voltage of this circuit is achieved. Thus, electrostatic 



discharge robustness in a device occurs by adding carbon to the semiconductor film and 
doping the diffusion region within the semiconductor film with a boron base implant. 

[p67] Figure 9(A) illustrates a preferred method of providing electrostatic discharge robustness 
in a device, according to the present invention, where carbon is added 901 to a 
semiconductor film 5, and a diffusion region 8 is doped 902 within the semiconductor 
film 5 with a boron base implant at a concentration of 1 x 10 20 /cm 3 to 1 x 10 21 /cm 3 . The 
boron base implant is suppressed by the carbon, and the semiconductor film 5 further 
comprises silicon and germanium. The step 901 of adding carbon to the semiconductor 
film 5 causes a tighter distribution of the power-to-failure of the device, increases the 
critical thickness of the semiconductor film 5, and reduces the thermal strain of the 
semiconductor film 5. 

[p68] Figure 9(B) illustrates a preferred method of forming a bipolar transistor, according to the 
present invention. The method comprises forming 910 a collector region 15 in a wafer. 
Next, an epitaxial layer 5, 6 is grown 915 on the wafer. The epitaxial layer comprises 
carbon, and has a semiconductor region 5 above the collector region 15. Then, an emitter 
17 is formed 920 on the semiconductor region 5, wherein the emitter 17 includes an 
insulator portion 10, 1 1. Finally, the semiconductor region 5 is doped 925 in sufficient 
quantities to reduce the resistance of the semiconductor 5 to less than approximately 4 
Kohms/cm 2 . The step of doping 925 provides the dopant in peak concentration of 
approximately 1 x 10 20 cm 3 to 1 x 10 21 cm 3 . As mentioned, the carbon limits the 
outdiffusion of the dopant within the semiconductor region 5. Moreover, the dopant 
comprises one of boron, aluminum, gallium, indium, and titanium. Also, as mentioned, 
the semiconductor region 5, 6 comprises silicon germanium. Additionally, the carbon 
maintains the dopant within a central portion of the semiconductor region 5, 6, which is 
best seen in Figure 12. Finally, the step 915 of growing the epitaxial layer includes 
growing a material including a concentration of carbon which is less than approximately 
3%. 
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[p69] Figures 10-15 illustrate one set of processes that can be utilized to manufacture the 

inventive bipolar transistor. However, the invention is not limited to the following set of 
processes. Instead, one ordinarily skilled in the art would understand that a number of 
other materials, conditions, processing steps, etc., could be utilized to achieve the same 
results. Thus, the invention is broadly applicable to all similar processes. Processes 
which are well-known to those ordinarily skilled in the art are not discussed in detail, so 
as to not obscure the salient features of the invention. 

[p70] More specifically, Figure 1 0 illustrates a properly prepared and doped collector region 1 5 
of a wafer. A mask 1 1 0 is formed over the collector region and patterned using well- 
known, conventional patterning techniques. A shallow trench isolation region opening 
1 15 is formed by etching the collector material 15 in areas not protected by the mask 110. 
The mask 1 10 is removed, and an isolation material 7 is deposited in the opening 1 15, as 
shown in Figure 1 1 . The structure is then planarized using a well-known process, such as 
chemical-mechanical polishing (CMP). 

[p71 ] An epitaxial growth process is then used to grow a silicon germanium carbon layer (in 
concentrations such as those discussed above) above the collector region 15. The area 
above the shallow trench isolation region forms as a polysilicon germanium carbon layer 
6, while the area above collector region 15 forms a single crystal silicon germanium 
carbon layer 5 during such an epitaxial growth process. While silicon germanium carbon 
is shown in this example, the semiconductor could also comprise any conventional 
semiconductor doped with carbon. 

[p72] Another mask 120 is patterned over the structure and an implant process 121 is 

performed. The impurity 121 is preferably boron (in concentrations such as those 
discussed above) and forms impurity regions 8 and 9. The impurity could also be any 
other type of P-type impurity, such as boron, aluminum, gallium, indium and/or titanium. 
In Figure 13, a series of insulators 10, 11 are formed and patterned using, for example, a 
mask 130. The formation of such layers and the patterning using the mask is well-known 



to those ordinarily skilled in the art. 



[p73] Using similar processing, a layer of polysilicon 12 is deposited and patterned, as shown 
Figure 14. The structure is then subjected to an annealing process. The polysilicon 12 is 
preferably doped with an impurity which diffuses to create diffusion region 13 within the 
single crystal silicon germanium carbon layer 5 during the annealing process, as shown in 
Figure 15. Alternatively, the diffusion region 13 could be formed in a separate, 
patterned, self-aligned implantation process before the polysilicon 12 is formed. In 
addition, during the annealing process, the dopant 8 (e.g., boron) will diffuse laterally (not 
horizontally) throughout the entire lateral dimension of the epitaxial layer 5, 6, as is also 
shown in Figure 1 5 . 

[p74] In addition, silicide 4 is formed above the polysilicon 6 using conventional well-known 
silicide processing to decrease resistance of the polysilicon 6. To complete the structure, 
conductive contacts 3,14 (shown in Figure 1) are formed using well-known deposition 
and patterning processes. Processes necessary to complete, insulate, and connect the 
transistor to other devices within the circuit are well-known to those ordinarily skilled in 
the art and are not discussed herein. 

[p75] The carbon influences the boron in the base of the transistor. An important advantage of 
including carbon within the semiconductor is that the dopant diffusion can be increased 
dramatically to substantially lower sheet resistance. The carbon limits the diffusion 
movement of the boron, thereby physically limiting the size of the base. With a more 
tightly controlled boron process, the ability of the structure to be scaled to smaller sizes is 
increased. In addition, with less boron outdiffusion, a more consistent transistor is 
produced. Further, the tighter physical distribution of the boron impurity increases speed 
and breakdown voltages (which decreases electrostatic discharge (ESD) effects). 

[p76] There are several benefits of the present invention. For example, the present invention 
provides a silicon germanium heteroj unction bipolar transistor device having 



substitutional carbon dopants in the alloy film, which allows for electrostatic discharge 
protection. Also, the present invention utilizes a tighter statistical distribution of the 
electrostatic discharge failure voltage. Moreover, the present invention uses carbon to 
provide a larger margin to thickness to allow for a higher thermal strain prior to 
dislocation formation. Furthermore, the present invention relieves the strain in the silicon 
germanium alloy film of a heterojunction bipolar transistor device, which increases either 
the germanium concentration or the film thickness. Another benefit of the present 
invention is that it provides a tighter distribution of sheet resistance, base widths, and 
breakdown voltages, and further controls the outdiffusion of boron. The present 
invention also achieves a higher unity current gain cutoff frequency (f T ) and unity power 
gain cutoff frequency (f^Ax)* 

[p77] A diode structure utilizing the base of the npn as the anode and the collector as the 

cathode, can be constructed suitable for functional circuits (e.g. current mirrors, diode- 
transistor logic) , bipolar SRAM, analog circuits, ESD networks, varactors and power 
devices. 

[p78] Carbon controls the outdiffusion of the boron providing an improved breakdown voltage 
and better control of the base-collector junction providing a better diode junction. The 
diode structure containing a SiGeC base anode and a Si collector region will provide a 
ESD robust element due to the reduced mechanical stress with the introduction of 
Carbon. As an ESD element, the incorporation of the Carbon in the SiGe anode provides 
improvements. First, the improved control of the Boron outdiffusion providing a more 
controlled breakdown voltage. Second, the lower mechanical stress introduced by 
Carbon, allows for a higher thermal stress prior to misfit dislocation production and 
mechanical failure. An improved Shuppen Factor will be evident in the device, allowing 
better process control of the diode element.Third, Carbon will minimize the outdiffusion 
of the Boron during an ESD impulse and thermal stress preventing the shorting of the 
diode structure, hot spot formation, mesoplasma formation, thermal instability, and 
second breakdown (thermal breakdown). Fourth, the addition of Carbon allows for 



producing a device with a lower sheet resistance in the anode allowing improved current 
distribution in the device. Hence in the forward bias mode, a lower voltage is produced ii 
the anode, reducing the self heating in the SiGeC film. In the reverse voltage condition, 
improved voltage control and tighter breakdown voltage will provide a more reliable and 
rugged ESD structure. A diode structure can also be formed using the SiGeC base region 
and polysilicon Si emitter region. A diode structure can also be formed by shorting or 
floating of the emitter or collector of the discussed npn structure. Diodes can be used as 
ESD circuit elements, double diode networks, diode strings, trigger networks, and ESD 
control circuitry. Diodes can be used as clamp saturation devices in bipolar SRAM cells. 
A wide variety of applications exist where this will provide advantages for circuit 
applications. 

[p79] Using the above element as a varactor, a better control of the tunability of the varactor 
can occur with the Carbon incorporation into the SiGe film in the diode structure. 
Varactors are used in the reverse voltage condition. In the reverse voltage condition, 
improved voltage control and tighter breakdown voltage will provide a more reliable and 
improved ruggedness for the varactor structure. This improved control will benefit the 
predictability of the tunability of the varactor structure. 

[p80] A Schottky diode structure also can be formed utilizing the advantages of the SiGe film 
with Carbon incorporation. SiGeC film can be used as the guard ring of the Schottky 
diode structure. The cathode of the Schottky utilizes the npn collector structure. The 
Schottky guard ring comprises of the SiGeC film and the Boron dopants. An improved 
Schottky ruggedness is provided by the utilization of the Carbon in the SiGe film in order 
to control the outdiffusion as discussed above. An improved Shuppen Factor will be 
evident in the device, allowing better process control of the Schottky diode 
element. Third, Carbon will minimize the outdiffusion of the Boron during an ESD 
impulse and thermal stress preventing the shorting of the diode structure, hot spot 
formation, mesoplasma formation, thermal instability, and second breakdown (thermal 
breakdown). Fourth, the addition of Carbon allows for producing a device with a lower 



sheet resistance in the guard ring allowing improved current distribution in the device. 
Hence in the forward bias mode, a lower voltage is produced in the anode, reducing the 
self heating in the SiGeC film. In the reverse voltage condition, improved voltage control 
and tighter breakdown voltage will provide a more reliable and rugged ESD structure. 

[p81] Additional structures such as p-i-n diodes , gated diodes, polysilicon bound diodes and 
other elements known in the art can utilize the above method, and process. 

[p82] While the invention has been described in terms of preferred embodiments, those skilled 
in the art will recognize that the invention can be practiced with modification within the 
spirit and scope of the appended claims. 



